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A compact and rugged distributed feedback (DFB) laser system has been developed as online–ofﬂine
injection seeder for the laser transmitter of a ground-based water vapor differential absorption lidar
(WV DIAL) near 820 nm. The frequency stability of this injection seeder system shows a standard deviation of
only 6.3 MHz and a linewidth of less than 4.6 MHz during continuous operation of more than 14 h. These
values by far exceed the requirements for WV DIAL. By use of a novel technique based on an electro-optic
deﬂector (EOD), alternating online–ofﬂine wavelength switching is achieved for each shot of the seeded laser
with 250 Hz with a response time of less than 10 ms and very low crosstalk between the channels of only
33 dB. As a result, a spectral purity of 99.95% is reached by the WV DIAL transmitter which again fulﬁlls the
requirements for WV DIAL measurements with high accuracy. Because moveable parts are not present in the
seeding system, this setup is signiﬁcantly less sensitive to acoustic vibrations and ambient temperature drifts
during ﬁeld experiments than other seeding systems which use external cavity diode lasers (ECDL) and
mechanical switches. By our new seeding system not only the requirements for ground-based water-vapor
DIAL are met but also for space-borneWV DIAL applications that pose even higher demands to the frequency
stability and spectral purity of the laser transmitters.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
In order to provide measurements with low systematic errors, the
transmitter of a ground-based water vapor differential absorption
lidar (WV DIAL) system has to fulﬁll high demands regarding the
spectral purity and frequency stability of the pulsed laser radiation
[1]. Even higher requirements have to be met for airborne and space-
borne WV DIAL [1–7] because the sampled absorption lines are then
narrower. Table 1 summarizes the requirements regarding frequency
stability, bandwidth, and spectral purity. Injection seeding with stable
diode lasers is the technique of choice for spectral narrowing and
stabilizing pulsed high-power laser transmitters [8–13].
Depending on the application, these seeding lasers must
provide continuous-wave laser radiation at speciﬁc wavelengths
with preferably high power (several tens of mW) and at least as
high frequency stability as what is required for the pulsed laser
that is seeded. For ground-based WV DIAL systems, suitable
absorption lines are located, e.g., at wavelengths near 820 nmB.V.
äth).
Open access under CC BY-NC-ND licens[14,15]. This wavelength region is reached with high efﬁciency by
Ti:sapphire lasers. Thus, the injection seeded high power Ti:
sapphire laser is our choice for the WV DIAL transmitter [5,6].
Alternative concepts use Alexandrite lasers [1,2,12,13] or optical
parametric oscillators (OPO) with ampliﬁed Ti:sapphire lasers [16]
for this purpose. Low power WV DIAL systems near 820 nm have
been developed based on ampliﬁed diode lasers [17–20].
For airborne and satellite borne WV DIAL systems, absorption lines
around the wavelengths of 935 nm are better suited [21,22] because
the higher absorption cross-sections in these spectral regions are
advantageous. Further wavelength regions suitable for WV DIAL are
found around 720 nm [23], 1.5 mm [24], and 10 mm [25–27].
DIAL uses alternating laser pulses at two wavelengths in order
to determine the number densitiy of a trace gas in the atmosphere.
One pulse has to be tuned to a wavelength with high atmospheric
absorption of the gas to be detected (online wavelength), and the
other pulse at low absorption at a wavelength nearby (ofﬂine
wavelength). Thus, a DIAL transmitter needs also a device for
switching the online and ofﬂine wavelengths in short time. For
this purpose, one can use two pulsed lasers as transmitters, i.e.,
one for each wavelength. But it is more cost efﬁcient and
technically signiﬁcantly less complex to use one pulsed laser, thee. 
F. Späth et al. / Optics Communications 309 (2013) 37–4338output of which is switched between the two wavelengths. In
principle, seeding only for the online wavelength and letting the
pulsed laser run freely without seeding for the ofﬂine signal is also
possible. This approach, however, has the disadvantage that the
output wavelength for the ofﬂine signal is not ﬁxed. Multimode
operation of the pulsed laser transmitter may result in unwanted
modes with a spectrum of uncertain atmospheric absorption
characteristics. Hence, a switch between two seeders is advanta-
geous. This switch has to operate not only fast enough for the
pulse repetition rate of the seeded laser but also with low crosstalk
between the online and ofﬂine signals in order to provide online
seeding with the required high spectral purity of 499.6% and
499.9% for ground-based and airborne/satellite borne DIAL,
respectively [1–4]. Previous approaches for switching between
the seed lasers were laser modulators [28], ﬁber switches [29], and
ﬁber-coupled micro-electromechanical switches (MEMS) [21].
Here we present a new technique based on an electro-optic
deﬂector (EOD). A comparison of the systems is shown in Table 2.
As seed lasers, different kinds of diode lasers have been employed.
Ertel et al. [30] are using two external cavity diode lasers (ECDL) to
seed a Ti:sapphire resonator. They operate at wavelengths around
820 nmwith an output power of 30 mW and a frequency stability of
9 MHz [28]. Wavelengths around 935 nm are used by the airborne
systemWALES of Wirth et al. [21] which is also intended to serve as a
prototype for a space-borne WV DIAL. Four distributed feedback
(DFB) lasers are operated as seed lasers for the transmitter, which is
here an optical parametric oscillator (OPO). The optical power for
seeding of this system is 7 mW with a frequency stability of
14.5 MHz. Two ECDLs in the 820 nm wavelength region were used
in the setup of Khalesifard et al. [29]. Their system delivered an
optical output power of 20 mWand a frequency stability of 20 MHz in
the laboratory. However, during ﬁeld deployment, it was found that
the optical output power changed to o10mW and the frequency
stability changed to 24MHz with mode jumps [31] severely deterior-
ating the accuracy of DIAL measurements.
In the following, we present the new injection seeder system of
the WV DIAL of the University of Hohenheim (UHOH) and discuss
its characteristics. The UHOH DIAL is a ground-based lidar system
that is mounted on a mobile platform. It allows for 3-dimensional
measurements of the atmospheric water-vapor ﬁeld with high
accuracy and resolution [6,32–35].
This paper is organized as follows: Firstly, the setup and proper-
ties of the DFB lasers are described. Secondly, results of the frequency
stabilization, linewidth measurements, and performance of the
electro-optic switch are presented. Finally, a summary with conclu-
sions is given.Table 1
Requirements for WV DIAL transmitter [1–7].
Ground-based WV DIAL Airborne WV DIAL
Laser frequency stability (MHz) o200 o60
Laser linewidth (FWHM) (MHz) o400 o160
Spectral purity (%) 499.6 499.9
Table 2
Comparison of recently published seeding systems for WV DIAL.
Ertel et al. [28,30] Khalesifard et al. [29
Seed laser 2 ECDL 2 ECDL
Wavelength (nm) 820 820
Frequency stability (MHz) 9 (rms) 20 (24 [31]) (rms)
Opt. power (mW) 30 20 (o10 [31])
Switch Laser modulator Fiber switch2. Setup of the injection seeder system
The laser transmitter of the UHOH DIAL is based on a Ti:sapphire
laser [5,6] which is end-pumped by the frequency-doubled radiation
of a pulsed diode-pumped Nd:YAG laser [36]. The ﬂuorescence
spectrum of Ti:sapphire is several hundreds of nm broad [37]. For
coarse spectral narrowing, we use an intra-cavity birefringent ﬁlter;
then the injection seeding technique is employed to stabilize the
laser wavelength with high accuracy [1,8,9].
During the ﬁrst system operation, we used ECDLs as injection
seeders of our WV DIAL [29,31]. ECDLs employ a mirror and a grating
outside of the laser diode for wavelength selection. By tilting the
mirror or grating the emitted wavelength can be changed. Unfortu-
nately, we observed a strong decrease of the frequency stability in the
lidar container compared to the measurements in the laboratory. In
addition, the wavelength output of the ECDLs was not continuously
tunable without mode hops over the desired wavelength range of at
least 1 nm. Thus, we decided to replace the ECDLs by two DFB lasers.
DFB lasers have a built-in Bragg grating. The emitted wave-
length has to satisfy the Bragg condition and depends on the
grating constant, diode current, and temperature. The resonators
of DFB lasers are free of movable parts and free-space propagation
of eigenmodes like between the laser active material and gratings
or mirrors in ECDLs. Thus, DFB lasers are unaffected by mechanical
disturbances, which are inevitably present during operation
within ﬁeld campaigns. The two DFB lasers used in our system
have mode-hop-free tuning ranges between 817.7 and 819.0 nm
encompassing a wide range of water-vapor absorption lines
suitable for ground-based WV DIAL (Fig. 1).] Wirth et al. [21] This system
4 DFB 2 DFB
935 820
14.5 (stdDev.) 6.3 (HWHM)
7 up to 20
Fiber-coupled micro-electromechanical switch EOD
Fig. 1. Absorption spectrum of water vapor within the tuning range of the DFB
laser diodes of 12,210–12,230 cm1 (819.0 and 817.7 nm) presenting a range of
absorption cross-sections which is well suited for ground-based water-vapor DIAL.
Atmospheric constituents other than water vapor do not show absorption in this
wavelength region. The spectrum is calculated with the HITRAN 2000 database [46]
and Voigt line shape at an altitude of 1000 m in US standard atmosphere [47].
A pair of online and ofﬂine wavelengths used by us for measurements in 2012 is
marked.
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of the system described in Khalesifard et al. [29] operated
successfully only for short operation times. It degraded rapidly
and did not provide the desired high suppression between the
channels during ﬁeld experiments. Tentatively, we replaced the
ﬁber switch by a chopper and could use the seeder only for
stabilizing the online wavelength while the ofﬂine laser output of
the pulsed Ti:sapphire laser was unseeded [6,32]. However, this
led to systematic errors in the DIAL retrieval due to the unknown
ofﬂine laser spectrum. Therefore, we developed a new online/
ofﬂine injection seeder system for the UHOH DIAL in order to
overcome these limitations. It is based on two DFB lasers and an
electro-optic deﬂector (EOD) as switch.
The DFB lasers (SAR-815 DFB, SRI International, Princeton, USA)
were selected from a charge of lasers, which were originally designed
for 815 nm, but provide laser output in the wavelength range
between 817.7 nm and 819.0 nm due to variations in the manufactur-
ing process. These wavelengths are reached at temperatures T
between 10 and 35 1C and at electrical currents I of 90–100mA.
The maximum laser output power is 60 mWat the maximum current
of Imax¼100 mA. For lower current than 90 mA, there are mode hops
to 814 nm and 811 nm. Concerning the lifetime of the DFB lasers our
present operation time does not allow a complete performance
analysis yet. While we are operating the diodes near the upperTable 3
Speciﬁcations of DFB lasers vs. ECDLs.
DFB (used here)
Laser linewidth (MHz) 4.57 MHz (FWHM)
Frequency stability (MHz) 6.3 (HWHM)
Optical power (out of the ﬁber) (mW) up to 20
Wavelength range (nm) 817.7–819.0
Mode-hop-free tuning range (GHz) 581
Fig. 2. Fiber coupling of the DFB laser beam. The DFB laser diode is placed in a tem
controlling is realized with a Peltier element under the laser diode. The iris blocks back re
complete setup is 250 mm100 mm100 mm.current limit we choose temperatures near the lower temperature
limit. We expect that higher temperatures would be more critical
than higher currents. In the data sheet, the manufacturer gives a
maximum operational current of 100 mA but an absolute maximum
current of 150 mA while we are operating the diodes at 95 mA. We
will continue to investigate this issue.
The tuning characteristics of the two DFB lasers, i.e., the changes
of output wavelength or frequency with temperature and current
are the following: Δλ/ΔT¼0.055 nm/K, Δλ/ΔI¼0.008 nm/mA, Δn/
ΔT¼24.5 GHz/K, and Δn/ΔI¼3.5 GHz/mA. Table 3 shows a
comparison of the speciﬁcations of the DFB lasers and the previously
used ECDLs. The speciﬁcations of the ECDLs were measured in the
environment of a laser laboratory by Khalesifard et al. [29] and during
the ﬁeld campaign COPS (Convective and Orographically-Induced
Precipitation Study [33,35,38]) by Schiller [31].
The setup for coupling the DFB laser beam into an optical ﬁber
is shown in Fig. 2. The DFB laser diodes are placed in temperature-
controlled homemade housings [39]. The laser diode currents and
temperatures are controlled with the drivers PRO800 with ITC
8052 modules of Thorlabs Inc. (USA). In the housing of each DFB
laser, a Peltier element was placed underneath the laser diode for
temperature controlling. At the front plane of the DFB laser
housing, collimation optics (f¼3.1 mm, NA¼0.68, Schäfter
+Kirchhoff GmbH, Germany) are mounted in a threaded tube.ECDL (used previously)
Speciﬁed by Khalesifard et al. [29] Speciﬁed by Schiller [31]
Not speciﬁed Not speciﬁed




perature-controlled housing with integrated collimation optics. The temperature
ﬂections of the ﬁber end so that these do not disturb the laser diode. The size of the
F. Späth et al. / Optics Communications 309 (2013) 37–4340This bi-aspheric lens collimates the divergent laser beam in the
vertical direction. In the horizontal plane, the DFB lasers show a
larger divergence angle so that additional collimation with a pair
of cylindrical lenses is required (denoted with “beam shaping
optics” in Fig. 2, Schäfter+Kirchhoff GmbH, Germany). The Faraday
isolator (FI-850-5SV, Linos, Germany) protects the laser diode from
back reﬂections. The half-wave plate turns the polarization back to
the vertical direction, which is required for coupling into a
polarization-maintaining ﬁber. An iris is implemented in front of
the ﬁber coupler to block the back reﬂection of the ﬁber end. This
reﬂection spot is not blocked completely by the Faraday isolator
and would disturb the DFB laser diode by inducing mode-hops.
The setup of our injection seeder system is depicted in Fig. 3. It
uses some parts of the previous system of Khalesifard et al. [29] like
ﬁbers and a wavemeter. The DFB lasers are coupled into cross-
coupled polarization-maintaining ﬁbers (XCOF, 954PS, Evanescent
Optics Inc., Canda) with transmissions of 99% and 1%. The main
fraction of the power within the ﬁber of both DFB lasers is sent via
optical ﬁbers with lengths of 5 m to the breadboard of the Ti:sapphire
laser, 1% is used for the frequency control. The high power output of
the ﬁbers is collimated and sent to an EOD. The EOD acts as a fast
optical switch and deﬂects either the online or the ofﬂine wavelength
into the Ti:sapphire resonator while the other seeder beam is blocked
(details see Section 5). The power of the DFB lasers behind the EOD is
of about 12 mW which are injected in the Ti:sapphire resonator for
seeding. According to our simulations of laser performance, an intra-
cavity seed power of 6.7 mW is required to reach a spectral purity of
99.9% [5].
For the active frequency stabilization of the seed lasers, 1% of
the power of each DFB laser is coupled over a 4:1-switch (SN1x4-
4N, Sercalo Microtechnology Ltd., Switzerland) to a Fizeau wave-
meter (Model WS 7, HighFinesse/Angstrom, Germany). The wave-
meter measures the laser frequencies of the DFB lasers to
determine the deviations of the emitted frequencies compared
to the selected online and ofﬂine frequencies. Based on the
deviations, a program written in LabVIEW (National Instruments
Corporation, USA) calculates the corrected laser diode currents I1
and I2. The correction is done alternately for both DFB lasersFig. 3. Setup of the injection seeder system with active frequency stabilization and EOD
ﬁbers, EOD—electro-optical deﬂector, USB—Universal Serial Bus, RS-232—Recommended(typically all 5 s). Additionally, a frequency-stabilized HeNe laser
(SL 03, SIOS Messtechnik GmbH, Germany) as reference laser is
coupled by the 4:1-switch to the wavemeter. The fourth input of
the 4:1-switch is not used. With the HeNe frequency standard, the
wavemeter is stabilized to an absolute accuracy of 20 MHz rms.
The temperatures of both DFB lasers T1 and T2 are kept constant
because the frequency control of the DFB lasers via the electrical
currents I1 and I2 is much faster.3. Frequency stability of the DFB lasers
Measurements of the frequency stability of the DFB lasers without
active frequency control (so-called passive stability) are shown in
Fig. 4. The ﬁrst experiment presented here was made in the
laboratory with constant ambient temperature. Without active fre-
quency control, frequency drifts of several 100 MHz over several
hours and short term frequency ﬂuctuations in the range of the
digital resolution of the wavemeter of 40 MHz (Fig. 4a) occur already
under quite stable ambient conditions in the laboratory. The second
experiment (Fig. 4b) was executed in the UHOH DIAL container with
less stable conditions concerning ambient temperature and mechan-
ical vibrations. The passive stability degrades to frequency drifts of
1000 MHz over several hours. The short-term frequency ﬂuctuations
are 780 MHz. Repetitive frequency drifts of about 200–300 MHz are
caused by the air condition system. Frequency drifts of the wave-
meter are corrected by a HeNe reference laser, so that these data
show the drifts of the DFB laser alone. The red lines in Fig. 4 indicate
the zero line with the set absolute frequencies of nlab¼366 354
589 MHz (λlab¼818.312 nm) and nDIAL¼366 400 536 MHz (λDIAL¼
818.210 nm). Clearly, active frequency control is required to meet the
stability requirements of water vapor DIAL (see Table 1).
The active frequency stabilization is realized as described in
Section 2. For frequency corrections, the laser diode currents I1 and
I2 are modiﬁed. With the frequency deviation and a correction
factor, a new diode current is calculated and set to the diode
driver. A long-term frequency measurement over 14 h with active
frequency stabilization is shown in Fig. 5a. Only single peaksonline–ofﬂine switch. FC—ﬁber coupler, Col—ﬁber collimator, XCOF—cross-coupled
Standard 232 Port, and DAQ—Data Acquisition.
Fig. 5. (a) Frequency stability with active stabilization which removes all frequency
drifts successfully. (b) The histogram of (a) shows a nearly Gaussian distribution of
the frequency deviation. The measurement period was about 14 h under real
operational conditions during a ﬁeld campaign.
Fig. 6. Fast Fourier transformation of the beat note signal with the Lorentzian ﬁt
(red). (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
Fig. 4. Passive stability of the DFB laser diode. (a) Measurement in the laboratory
with the wavemeter WA-1500 of Burleigh. (b) Measurement in the DIAL container
with the wavemeter WS 7 of HighFinesse. (For interpretation of the references to
color in this ﬁgure, the reader is referred to the web version of this article.)
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switched on, the standard deviation s is reduced to 6.3 MHz.
Fig. 5b shows the frequency distribution with a Gaussian ﬁt.
The half width at half maximum (HWHM) of the ﬁt is nearly the
same with 6.7 MHz indicating that the frequency distribution is nearly
Gaussian. This measurement was performed during a ﬁeld measure-
ment campaign in summer 2009 (FLUXPAT 2009 [32]) under real
conditions while seeding the Ti:sapphire laser. The frequency stability
requirements (Table 1) which are 200 MHz rms for ground-based
water-vapor DIAL [1,14,15,38,40] are fulﬁlled; and even the higher
requirements of a frequency stability of at least 60 MHz rms for space-
borne application of WV DIAL [1,14,15,38,40] are met.
Because the DFB lasers have not reached the borders of the
mode-hop free wavelength range, there were no frequency
instabilities. When using ECDLs as discussed in [31], frequency
deviations up to 500 MHz were found. Furthermore, the ECDLs still
showed an inﬂuence of the air condition system in spite of active
frequency stabilization. These problems were eliminated by our
new DFB laser seeding system.4. Linewidth determination with a heterodyne measurement
To determine the linewidth of the DFB laser diodes, a beat note
measurement was performed using the heterodyne technique. As the
two DFB laser diodes are of the same model, we may assume thesame characteristics for both lasers in particular regarding their
linewidths. Thus, this experiment is similar to a self-heterodyne
measurement of one DFB laser diode with totally uncorrelated partial
beams, resulting in a Lorentzian spectrum of the beat signal with a
peak width of twice the laser diode linewidth [41–44].
F. Späth et al. / Optics Communications 309 (2013) 37–4342The laser beams were aligned with a beam splitter so that they
overlapped in free space. The beat signal was detected in the
overlap center with a fast photodiode (818-BB-21A, Newport, USA)
which included an integrated lens, and stored with an oscilloscope
(LC564DL, LeCroy, USA). The bandwidths of the photodiode and the
oscilloscope are 1.2 GHz and 1 GHz, respectively. A fast Fourier
transformation (FFT) with an analysis software (Origin 8.6G, Origi-
nLab, USA) delivers the spectral distribution of the beat note signal
(Fig. 6). To obtain sufﬁciently high frequency resolution, the capture
time of the oscilloscope was chosen appropriately large. Because too
long capture time may cause smearing of the frequency peak in the
FFT due to short-term ﬂuctuations of the two laser frequencies, we
decided to use a capture time of 100 ms. The ﬁt of a Lorentzian curve
to the frequency distribution gives a peak width of 9.1370.06MHz
full width at half maximum (FWHM). This results in a linewidth for
each of the DFB laser diodes of less than 4.5770.03 MHz.
We believe that the short-term frequency ﬂuctuations arise
from the current noise of the laser diode controller. The manu-
facturer speciﬁed 2 mA for the capture time scales. Using the
tuning characteristics of the DFB lasers (see Section 2), this value
corresponds to a frequency variation of 7 MHz Table 3 so that this
is obviously responsible for the main portion of the measured
linewidth. Thus, it is noteworthy that the linewidth of each laser
diode may be reduced furthermore but it is currently limited by
the performance of our diode drivers.Fig. 7. Temporal behavior of the switching process with EOD: trigger signal
(green), monitor signal of the high voltage supply (blue), and signal of the detector
of DFB 1 (black). In (a) the switch-on process and in (b) the switch-off process are
shown. The switching time of about 8 ms is limited by the response time of the
high-voltage supply. The switching of DFB 2 is the same as for DFB 1 but in the
opposite direction and is not shown here. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)5. Fast switching with an electro-optic deﬂector
The EOD deﬂects the seed laser beam by changing the refrac-
tive index of an electro-optical crystal by an external electrical
ﬁeld [45]. The EOD of our seeder system (ED3-820, Leysop Ltd.,
England) is controlled with a high voltage supply (5000 series
driver, Leysop Ltd., England) and consists of a lithium niobate
(LiNbO3) crystal. The electrodes are aligned as quadrupole so that a
linear electric ﬁeld is generated within the crystal. Its deﬂection
angle is 1.5 mrad/kV. Consequently, a voltage of 72.5 kV yields an
angle of 7.5 mrad between both beams.
For the characterization of the EOD, measurements with regard to
the switching time and the crosstalk have been performed. The laser
beam intensity was determined with a photodiode (DET10A/M,
Thorlabs, USA) which was positioned behind an iris which transmits
one of the beams while the other is blocked (Fig. 3). For the
measurements of the switching time, the distance between EOD
and iris was 1.2 m and the aperture of the iris is 3 mm. Also, the beam
was focused on the detector with a lens because the beam diameter is
larger than the active detector area. To measure the short switch
process, the detector was coupled to the oscilloscope with 50Ω to
reach high temporal resolution. However, during themeasurements of
the crosstalk the detector was coupled with 1 MΩ to the oscilloscope
in order to reach higher resolution of the measurement of the
photodiode voltage. Furthermore, the laser beams were focused into
the EOD because of its small aperture. The aperture of the EOD is
3 mm, and the beam diameters at the EOD were 0.7 mm (4-s beam
width).
The switch frequency was half of the repetition rate of the Ti:
sapphire laser, i.e. 125 Hz in our case, so that alternative online and
ofﬂine signals are generated. The temporal characteristics of the EOD
switch are shown in Fig. 7a and b, for one of the DFB laser diodes (the
characteristics are the same for the other DFB diode). The trigger
signal has very short rise and fall times ({1 ms). The monitor signal
of the high-voltage supply which drives the EOD cannot follow the
trigger immediately which results in rise and fall times of about 8 ms
of the high voltage applied to the EOD. The deﬂection of the laser
beams follows the high voltage applied to the EOD resulting in a time
of about 8 ms between 10% and 90% of the signal intensity. Thus wecan state that the switching time for the laser beams is mainly
limited by the response time of the high-voltage supply. The monitor
signal of the high-voltage supply signal shows small overshoots.
These do not disturb the switching process of the laser beams.
In the overall setup of laser transmitter of the UHOH DIAL, some
additional optical components are placed in front of the Ti:sapphire
resonator for the seeded operation of the laser. The additional
components consist among others of a mode-matching lens, an
electro-optical modulator and a Faraday isolator [6,31]. Therefore,
the crosstalk is measured for two cases: First, in an arrangement
focusing on the performance of the EOD-principle. Here the EOD is
followed only by the mode-matching lens. This lens is necessary for
the compensation of the resulting divergent beam after the prior
focusing into the EOD. Second, with all the additional components
which are necessary during the operation of Ti:sapphire laser.
To measure the crosstalk of the EOD switch, i.e., how well that
seeder laser beam is blocked which is deﬂected out of the optical
path, we switched off one DFB laser and measured the power of
the other laser beam for both switch positions of the EOD. In the
ﬁrst conﬁguration, we placed the detector at a distance of 0.85 m
behind the EOD. The crosstalk, deﬁned as ratio of both channel
intensities, was found to be 32.8 dB for DFB 1 and 33.1 dB for DFB
2 in this conﬁguration. In the second conﬁguration, the detector
was placed inside the Ti:sapphire resonator in front of the Ti:
sapphire crystal. Thus further optics (the additional components
described above and components of the resonator itself) were
F. Späth et al. / Optics Communications 309 (2013) 37–43 43present within the seeder beam path. For this conﬁguration, the
crosstalk was 35.3 dB for DFB 1 and 27.6 dB for DFB 2. We assume
that the small apertures of some of the additional optics caused
diffraction and altered the crosstalk. The different values between
the two DFB lasers are due to small differences in how well the
two beams are aligned to the center of the EOD.
For airborne and space borne water-vapor DIAL, a spectral
purity of the online signal of 99.9% is required. The requirements
for ground-based water-vapor DIAL are a less stringent with
499.6%. Thus, if online and ofﬂine injection seedings are used,
the seeders must be switched with a suppression of the switched-
off signal of at least 30 dB and 24 dB for airborne/space-borne and
groundbased operation, respectively [1–4]. Both requirements are
fulﬁlled well by the ﬁrst conﬁguration independent of which
seeder is tuned to the online wavelength and which to the ofﬂine
wavelength. The second conﬁguration fulﬁlls both requirements if
DFB 1 is selected as ofﬂine seeder because only leaking of the
ofﬂine signal into the online seeder is critical.6. Conclusions
We presented an injection seeding system for water-vapor DIAL
measurements at around 820 nm consisting of two DFB laser
diodes for online and ofﬂine wavelength. The DFB laser diodes
operate at a high frequency stability of 6.3 MHz (HWHM) and a
linewidth of less than 4.5770.03 MHz (FWHM). The frequency
stability requirements of 60 MHz and 200 MHz for
airborne and ground-based WV DIAL are by far exceeded. The DFB
lasers show a larger mode-hop free wavelength range than ECDLs:
we observed no mode-hops within a tuning range of 581 MHz.
In contrast, with ECDLs we found critical frequency deviations of up
to 500 MHz. Furthermore, the ECDLs still showed an inﬂuence of the
air condition system even when the active frequency stabilization
was switched on. These problems encountered when using ECDLs
were overcome by the use of our DFB laser system.
A new optical switch for online/ofﬂine switching was installed
based on electro-optic deﬂection. This technique shows a switching
time of 8 ms and a very low crosstalk of more than 30 dB at the
position of the Ti:sapphire crystal. This crosstalk ensures a spectral
purity of at least 99.9%. We can conclude that the EOD provides
sufﬁcient blocking. A further advantage of the EOD switch compared
to, e.g., ﬁber switches, is the short switching time that is mainly
limited by the response of the high-voltage supply. Last but not the
least, there are no movable parts in the EOD switch that could
degrade. Behind the EOD, the power of the DFB lasers for seeding the
Ti:Sapphire resonator is of about 12 mW. These parameters fulﬁll the
stringent demands set for water-vapor DIAL measurements with high
accuracy.
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